Abstract Plastics and spilled oil pose a critical threat to marine life and human health. As a result of wind forcing and wave motions, theoretical and laboratory studies predict very strong velocity variation with depth over the upper few centimeters of the water column, an observational blind spot in the real ocean. Here we present the first-ever ocean measurements of the current vector profile defined to within 1 cm of the free surface. In our illustrative example, the current magnitude averaged over the upper 1 cm of the ocean is shown to be nearly four times the average over the upper 10 m, even for mild forcing. Our findings indicate that this shear will rapidly separate pieces of marine debris which vary in size or buoyancy, making consideration of these dynamics essential to an improved understanding of the pathways along which marine plastics and oil are transported.
Introduction
Two of the Earth's great fluid reservoirs, the oceans and the atmosphere, meet at the sharp discontinuity of the air-sea interface. Pieces of buoyant marine debris tend to accumulate at this boundary (Matthews et al., 2017) ; this is especially true for the most massive among them (Reisser et al., 2015) . However, neither observations nor operational ocean models resolve the ocean current profile in the upper few centimeters of the sea, where motion is primarily determined by wind forcing and wave dynamics (Wu, 1983) . Most prominent among these effects is Stokes drift (Stokes, 1847) , the depth-decaying net forward motion that results from wave orbital velocities. Difficulty in observing this current shear arises from disturbance of the flow by measurement systems and the challenge of extracting physical information near to an undulating boundary, resulting in an observational gap. This blind spot is not trivial-although motion in this layer occupies a miniscule share of overall volumetric flow-it has a dominant impact on buoyant material transport. As an example, microplastics (characteristic size d < 5 mm), the most ecologically damaging of buoyant marine debris (Wright et al., 2013) , generally have low rise velocities and are found throughout the water column (Kukulka et al., 2012) . Concentrations of mesoplastic (5 mm < d<25 mm) and macroplastic (d >25 mm), however, sharply decay with depth (Reisser et al., 2015) . Based on comprehensive plastic sampling of open ocean and coastal waters (Cooper & Corcoran, 2010; Isobe et al., 2014) , it is understood that one important pathway involves the transport of macroplastic and mesoplastic to coastal margins by wind/wave-induced near-surface currents and subsequent fragmentation in the surfzone. The resulting microplastics have small rise velocities and therefore distribute themselves deeper in the water column; at greater depths, these fragments will not be preferentially transported to the shore by rapid, near-surface currents. Surface-dwelling spilled oil presents an additional concern to ecosystem and human health. The density of crude oil compounds may vary substantially within a given volume; however, the portions floating nearest to the surface have the greatest chance of interacting with marine wildlife and the strongest likelihood of reaching shorelines, at which point their potential to harm humans and wildlife is greatest (Wolfe et al., 1994) . Predictive models that directly couple the ocean and atmosphere (Curcic et al., 2016) or impose wind and wave-resulting drift on top of Eulerian flow (Le Hénaff et al., 2012) are an important intermediate step in the efforts to describe this material transport despite their inability to resolve centimeter-depth dynamics. Recent findings (Iwasaki et al., 2017) indicate that incorporating Stokes drift into ocean circulation models (even at 1 m vertical resolution) fundamentally changes transport patterns near coastal margins. Another modeling study (Le Hénaff et al., 2012) performed in the wake of the Deepwater Horizon disaster suggested that near-surface wind and wave-induced currents were one of the principal reasons that surface oil was kept in the northern Gulf of Mexico (and away from the Loop Current, which would have connected it to the Florida Current and on to the Gulf Stream).
Materials and Methods
In order to shed light on the hydrodynamics of the near-surface layer of the ocean, a dedicated observational experiment (explained in greater detail within the supporting information) was conducted in the northern Gulf of Mexico aboard the Research Vessel F.G. Walton Smith for over three and a half hours on 27 April 2017 as part of the 2 week long SPLASH (Submesocale Processes and Lagrangian Analysis on the SHelf ) research campaign. The experiment was designed with the intent of combining the complementary strengths of disparate platforms and techniques. Specifically, acoustic Doppler current profilers (ADCPs) are unable to reliably recover the current vector profile near to an undulating boundary, a result of side-lobe contamination (Cole & Symonds, 2015) . This blind spot is filled in here through a combination of drifting instruments and near-field remote sensing that target near-surface flows while missing the deeper currents described by the ADCP. These devices and techniques were used in parallel in order to recover the high-resolution current velocity profile between 1 cm and the seabed at 13.5 m below the surface, ultimately allowing for isolation of the forcing mechanisms over the full depth range. The sensors and instruments used included drone-tracked bamboo plates, GPS-tracked drogued and undrogued drifters , a polarimetric camera (Zappa et al., 2008; Laxague et al., 2017) , an autonomous vehicle-mounted acoustic Doppler current profiler (ADCP), a shipboard ADCP, a bow-mounted array of sonic wave gauges (Donelan et al., 1996) , and a mast-mounted sonic anemometer. The wave number spectra produced from the sonic wave gauge array and polarimeteric camera data were combined in order to produce a single directional spectrum, which described waves from gravity to pure capillary scales (0.1<k<10, 00 rad/m, wavelength ranging from 6.28 mm to 62.8 m); the Stokes drift vector profile was computed from this composite spectrum (Webb & Fox-Kemper, 2015) . Local homogeneity in the wave field was assumed at least within the wave gauge footprint of ≈4 m 2 ; at larger scales, wave conditions did not vary greatly across the spatiotemporal extent of the observations. The bamboo plates had drafts of 1.75 cm, while the undrogued and drogued drifters had drafts of 3.5 cm and 70 cm (the latter having a center of drag at 30 cm depth), respectively. These devices are shown in Figure 1 ; their drift speeds are , with depth assigned following Plant and Wright (1980) ); line, Stokes drift (Webb & Fox-Kemper, 2015) plus ADCP current; magenta circle, Stokes drift plus ADCP current plus empirical 8.5 cm/s "interface forcing" drift (Wu, 1983) ; and red circles, centroid speeds of bamboo plates and drifters. Shaded regions (polarimetric current, Stokes drift plus ADCP) and horizontal bars (drifting instruments) define the 5th-95th percentile range. The darker shaded region in Figure 2c represents the 5th-95th percentile range of the Stokes drift and corresponds to the shaded region around the wave spectrum shown in Figure S3 of the supporting information. Note that the drifter centroid depths Z indicate the center of an average over −2Z < z < 0 and not a true point measurement.
given in Figure 2 (with the direction of the drift given in supporting information Figure S1b ). The sum of the ADCP and Stokes drift profiles is a surface-extrapolated Lagrangian current profile; the drifting objects provide observational points of comparison within the ocean's upper decimeters. The plates, which were initially randomly and uniformly distributed over a 100 m diameter patch of the ocean, formed into a linear feature consistent with a windrow (Figure 1 ), a phenomenon seen in nearly all surface-following material under the influence of wind and waves (Jones et al., 2016) . Drifters were deployed in a ring around this patch. Given the arrangement of the plates and undrogued drifters along windrows, it is expected that they moved quicker than they would outside of those local convergence zones. Despite this apparent bias in the measurement, such an observation is quite relevant to the study of material transport in the upper centimeters of the ocean. For the purposes of this study, all profiles shown are representative of the mean over the three and a half-hour observation period. The time-varying drifter speeds and polarimetric current magnitudes are shown in Figure  S2 of the supporting information.
Results
Environmental conditions at the time and place of measurement were well suited for the delineation of wind-induced, wave-induced, and pressure gradient-induced flows at different levels of the water column, making it an ideal case for study. Subsurface southeastward flow (≈20 cm/s magnitude) was oriented nearly orthogonally to the southwestward wind velocity and wave direction. The observed wind speed-corrected to a 10 m reference level and neutral stratification-was 4.3 m/s, the dominant wave period was 1.9 s, and the significant wave height was 0.86 m. Upper ocean density stratification was found to be negligible to an ≈8 m mixed layer depth (supporting information Figure S1c ).
The drifting instruments and polarimetric camera observed the full Lagrangian near-surface current, a combination of background Eulerian flow, Stokes drift, and the sum of microscale wave breaking and skin friction. The latter will hereafter be referred to as "interface forcing"; it is a significant mediator of momentum transfer between the atmosphere and the ocean (Sutherland & Melville, 2013) . Its relevance to the present topic is central, as it results in a layer of strong turbulence and high shear in the top few centimeters of the water column (Sutherland & Melville, 2015) . By separately evaluating the Stokes drift and comparing the interface forcing with classic parameterization, we delineate the flow into its constituent elements. The sum of the empirical Stokes drift profile (Webb & Fox-Kemper, 2015) and the ADCP-sensed background Eulerian current profile yields near-surface currents that are of smaller magnitude than those measured by the drifting Note. The error margins given (e.g., 0.57 ± 0.01) represent 1 standard deviation from the mean. Also, included are the segment labels (A-F) corresponding to Figure 3 and the observational and modeling tools which are able to resolve each layer. The mean wind velocity direction was 242 ∘ .
instruments and polarimetric camera. A series of classic laboratory studies of surface drift (Wu, 1983) found that interface forcing should scale like 0.53u * , where u * is the air-side friction velocity. For this case, the u * computed from the observed wind stress was 16.0 cm/s, corresponding to an estimated wind drift of ≈8.5 cm/s. Adding this quantity to the nearest-surface element of the Stokes drift estimate (Webb & Fox-Kemper, 2015) and the background Eulerian flow, we obtain a drift speed within 2.5% of the mean plate drift speed and 5% of the mean nearest-surface polarimetric current (Figure 2 ). This suggests that the nearest-surface difference between the camera-determined current profile and the extrapolated ADCP + Stokes profile is accounted for by interface forcing.
Considerable ambiguity exists regarding the definition of the depth at which ocean "surface" currents are found-each of the vertical layers listed in Table 1 has been taken as such in observational or modeling literature in recent years. The mean value of our computed Stokes drift profile over the upper 1 m is 4.9 cm/s or 31% of u * . This is consistent with the literature range (Ardhuin et al., 2009 ) of 16-35% of u * . However, the velocity profile is strongly sheared with depth-each "zooming in" step from Figures 2a-2c shows increasingly strong shear as one gets nearer to the air-sea interface. This results in a quantifiably profound impact upon the direction and distance of centimeter-scale buoyant material transport: the current speed at 1 cm is twice that of the average speed over the upper 1 m and nearly four times that of the average speed over the upper 10 m (Figures 2 and 3) . In comparing the plastic distribution shown on the margin of Figure 3 with Figure 3 . Current magnitude and material distribution: Red line indicates composite profile generated using all observational data. Labels A-F marking colored layers and vertical lines correspond to ranges given in Table 1 . Representation of material distribution is given on right margin. The uppermost layers hold nonemulsified (≈1 mm) and emulsifying/emulsified (≈1 cm) oil (Daling et al., 2003) . Plastic concentration (Reisser et al., 2015) is represented by the black bars, with length proportional to concentration as indicated above and below them. transport estimates given in Table 1 , it is evident that capturing the dynamics of the upper decimeter of the ocean is essential to describing the movement of marine plastics.
Discussion
Although it is understood that marine debris tends to collect inside the large ocean subtropical (anticyclonic) gyres (Cózar et al., 2014; Law et al., 2010; Maximenko et al., 2012) , many of the specific mechanisms responsible for the degradation of macromesoplastic and mesoplastic occur away from these areas of convergence (Iwasaki et al., 2017) . The present work offers compelling observations of strong near-surface current shear, implying that macromesoplastic and mesoplastic are predominantly transported by wind and waveinduced motions which strongly diverge from currents at greater depths. This results in size-dependent differential transport, which is an essential segment in the time line of a piece of oceanic plastic. Additionally, spilled oil often emulsifies and distributes itself throughout the water column (Jones et al., 2016) , though it is generally surface-residing oil slicks which most severely harm marine wildlife in the open ocean and carry the greatest likelihood of reaching coastal margins (Wolfe et al., 1994) . Given the observations presented here, material transport is likely to be poorly estimated by models that neglect or cannot sufficiently parameterize wind or wave-related motions and do not have sufficient resolution to describe this thin near-surface layer. We show that currents in the upper few centimeters of the ocean may have drastically different magnitudes and directions than the average over the upper meter, a vertical extent commonly taken as the thickness of the ocean's surface layer. As a result, incorporation of these dynamics into forecasting efforts will be an essential component of the community's mission to better understand the movement of ocean plastics and the fate of spilled oil.
